Pseudomonas acidophila is a bacterial strain producing a poly(3-hydroxyalkanoic acid) (PHA) copolymer from low-molecular-weight organic compounds such as formate and acetate. The genes responsible for PHA production were cloned in cosmid pIK7 containing a 14.8-kb HindIII fragment of P. acidophila DNA. With the aim of developing a means of producing a PHA copolymer from CO 2 , cosmid pIK7 was introduced into a polymer-negative mutant of the chemolithoautotrophic bacterium Alcaligenes eutrophus PHB ؊ 4. However, the recombinant strain produced a homopolymer of 3-hydroxybutyric acid (polyhydroxybutyric acid) from CO 2 . Since it was thought that the composition of the accumulated polymer might depend not on the PHA biosynthetic genes but on the metabolism of the host strain, a recombinant plasmid, pFUS, containing the genes for chemolithoautotrophic growth of the hydrogen-oxidizing bacterium A. hydrogenophilus was introduced into P. acidophila by conjugation. The recombinant plasmid pFUS was stably maintained in P. acidophila in the absence of chemolithoautotrophic or antibiotic selection. This pFUS-harboring strain possessed the ability to grow under a gas mixture of H 2 , O 2 , and CO 2 in a mineral salts medium, and PHA copolymer accumulation was confirmed by nuclear magnetic resonance spectral analysis. A gas chromatogram obtained by gas chromatography-mass spectrometry showed the composition of the polymer to be 52.8% 3-hydroxybutyrate, 41.1% 3-hydroxyoctanoate, and 6.1% 3-hydroxydecanoate. This is the first report of the production of a PHA copolymer from CO 2 as sole carbon source.
Poly(3-hydroxyalkanoates) (PHAs) are known to be synthesized in a wide variety of bacteria as intracellular carbon and energy storage materials (1) . These polyesters are accumulated as a result of limiting bacterial growth and supplying an excess amount of a carbon source. PHAs extracted from cells have good mechanical properties. At the same time, many bacteria living in the natural environment secrete enzymes capable of degrading them. PHAs have thus been attracting interest as promising sources of biodegradable thermoplastics. Among PHAs, the homopolymer of 3-hydroxybutyrate (3HB), polyhydroxybutyrate (PHB), is the most common and is accumulated in a wide variety of bacteria (1) . PHB extracted from cells has a brittle characteristic because of its high crystallinity, but PHA copolymers are both flexible and more durable than PHB. Shampoo bottles made of a copolymer of 3HB and 3-hydroxyvalerate have been test marketed in Europe.
Carbon dioxide is a major greenhouse gas partially responsible for global warming. Recently developed technology enables CO 2 to be recovered from gases emitted by steam power plants (11) . Being able to use this recovered CO 2 as a carbon source for producing PHA would be both environmentally and economically significant. We have been attempting to confer the chemolithoautotrophic growth ability of hydrogen-oxidizing bacteria to heterotrophic bacteria for the production of valuable materials from CO 2 . Alcaligenes hydrogenophilus is a gram-negative, facultative, hydrogen-oxidizing bacterium harboring a megaplasmid, pHG21-a, which has genes encoding both carbon fixation (cbb) and hydrogen oxidation (hox) abilities (4, 14) . Recently, we succeeded in cloning the DNA region of the plasmid responsible for these abilities in an IncP1 R plasmid, R68.45, and the recombinant plasmid pFU7 was obtained (20) . A 54 -like factor was shown to be necessary for the expression of hox, and the gene encoding this existed in the chromosome (18) . The 54 -like chromosome gene was also cloned with R68.45 to obtain the recombinant plasmid pSG8 (21) . The recombinant plasmid pFUS, containing the genes encoding carbon fixation, hydrogen oxidation, and the 54 -like factor, was obtained by in vivo recombination of pFU7 and pSG8 (19) . Since the R plasmid is self-transmissible and has a broad host range (6), the recombinant plasmid can be transferred to a wide variety of bacteria by conjugation. Here, we report on attempts to produce PHA from CO 2 by using two different methods. In the first method, we introduced PHA biosynthetic genes from a bacterium which accumulates PHA from low-molecular-weight organic compounds, such as formate and acetate, into a hydrogen-oxidizing bacterium. In the second method, we introduced the chemolithoautotrophic growth ability of a hydrogen-oxidizing bacterium into a PHAproducing one.
MATERIALS AND METHODS
Microorganism and cultivation. Pseudomonas oxalaticus OX1-MH212 (an auxotrophic mutant of strain OX1) carrying pFUS (19) was used as the donor of the recombinant plasmid for the conjugation experiments, because the transfer gene of R68.45 was more highly expressed in strain OX1 than in A. hydrogenophilus. P. acidophila IFO 13774 was used as the recipient. Heterotrophic cultivation was done aerobically in L broth (LB) or in a mineral salts medium at 30ЊC with the addition of various carbon sources. Chemolithoautotrophic cultivation was done in a mineral salts medium at 30ЊC under a gas mixture consisting of H 2 , O 2 , and CO 2 in the ratio 8:1:1 (vol/vol/vol) (22) . In the case of mixotrophic cultivation, a carbon source was added to the mineral salts medium and cells were incubated at 30ЊC under a gas mixture containing H 2 , O 2 , and CO 2 in a ratio of 8:1:1 (vol/vol/vol). A. eutrophus H16 and a PHB-negative mutant of A. eutrophus PHB-4(DSM541) (16) were used as a control for polymer accumulation and a host for heterologous expression of PHA biosynthetic genes from P. acidophila, respectively.
Construction of a gene bank. Total DNA of P. acidophila IFO 13774 was extracted and purified by the method described by Berns and Thomas (2) . The DNA was partially digested with HindIII and ligated into the cosmid vector pVK102 (12) . The resulting recombinant cosmids were then packaged in vitro with a lambda packaging extract purchased from Amersham. The phage mixture was used to transduce Escherichia coli LE392. The transduced cells were plated on LB agar medium containing 10 g of tetracycline per ml. A pool of 1,000 clones was stored in one tube in glycerol at Ϫ70ЊC as a gene bank. In vitro DNA manipulations were performed by standard procedures (15) .
Tri-and biparental conjugation. Conjugations were done by filter mating at 30ЊC. In biparental conjugation, overnight LB cultures of donor and recipient were mated; also overnight, on a 0.45-m-pore-size membrane filter on LB plates. Transconjugants were selected by chemolithoautotrophic growth and an antibiotic resistance marker. Chemolithoautotrophic growth was carried out on a mineral salts medium plate under a gas mixture of H 2 , O 2 , and CO 2 in the ratio 8:1:1 (vol/vol/vol). Tetracycline and glucose were added at final concentrations of 10 g/ml and 0.2% (wt/vol), respectively, for antibiotic selection. In triparental conjugation, E. coli HB101(pRK2013) (3) was used to mobilize the recombinant cosmid pVK102 from E. coli LE392 into the PHB-negative mutant A. eutrophus PHB Ϫ 4. A. eutrophus was grown at 30ЊC and E. coli strains were grown at 37ЊC in LB. Logarithmic-phase cells were mixed in equal proportions by volume and layered onto the membrane filter on LB agar for 12 h at 30ЊC. Selection of transconjugants was done by chemolithoautotrophic growth.
PHA extraction. Cultivated cells were harvested by centrifugation at 8,000 ϫ g for 10 min, washed twice with sterilized distilled water, and lyophilized with a freeze-dryer (Hitachi model VR16) overnight. After lyophilization, the total cell dry weight was measured. Lyophilized cells were suspended with chloroform in a round-bottom flask fitted with a reflux condenser. The mixture was refluxed to extract PHA for 6 h at 70ЊC. The cell debris was then removed by passing the suspension through a cellulose filter, and the chloroform solution was concentrated with a rotary vacuum evaporator (Tokyo Rikakikai Co., Ltd.). Finally, the precipitated polymer was separated, and the weight of the total PHA content was measured. NMR analysis. The 1 H and 13 C nuclear magnetic resonance (NMR) spectra were recorded on a Varian VXR-200 apparatus. The 200-MHz 1 H NMR spectrum was taken from a CDCl 3 solution of the polymer, using a 60Њ pulse, 3.904-s acquisition time, 3,000.3-Hz spectral width, 23 ϫ 10 3 data points, and 32 accumulations. The 50.3-MHz 13 C NMR spectrum was taken from a CDCl 3 solution of the polymer, using a 90Њ pulse, 1.311-s acquisition time, 12,500.0-Hz spectral width, 65 ϫ 10 3 data points, and 32 accumulations. The monomer species were analyzed by using the assignments of Gross et al. (5) .
GC-MS analysis. Methyl esters of the monomer constituents of the copolymer were prepared by the method of Lageveen et al. (13) . In brief, the polymer extracted from P. acidophila was suspended in 2 ml of methanol containing 15% (vol/vol) H 2 SO 4 . After 2 ml of chloroform was added, the polymer solution was refluxed under a nitrogen atmosphere for 2 h and then rapidly cooled on ice. After 1 ml of water was added, the organic phase was dried over sodium sulfate and subjected to gas chromatography-mass spectrometry (GC-MS) analysis. A 0.8-l sample of the organic phase containing the methyl ester of the monomer was injected (split ratio, 1:50) into a Shimadzu GC-14A gas chromatograph equipped with a Supelco SPB-1 column (nonpolar, 60 m), with helium as the carrier gas. The column temperature was programmed to remain at 70ЊC for 5 min and then to increase at 10ЊC/min to 180ЊC. The injection temperature was 235ЊC. The ionizing energy for mass spectrometer operation was 60 eV. Mass spectra and gas chromatograms were acquired and processed with a Shimadzu QP-2000 mass spectrometer.
RESULTS

Introduction of PHA genes into an H 2 -oxidizing bacterium.
With the aim of producing a PHA copolymer from CO 2 , we first tried introducing PHA biosynthetic genes into A. eutrophus from P. acidophila, a bacterium possessing a unique polymer accumulation characteristic. As shown in Table 1 , P. acidophila accumulated copolymers from low-carbon-number organic compounds such as formate and acetate. Although malate, succinate, and gluconate resulted in homopolymer (PHB) accumulation, it was thought that PHA biosynthetic genes from P. acidophila might confer on A. eutrophus the ability to produce a PHA copolymer from CO 2 . A gene library of P. acidophila was constructed in E. coli, and tetracyclineresistant clones were transferred into the PHB-negative mutant A. eutrophus PHB Ϫ 4 by triparental conjugation, as described in Materials and Methods. Since the mutant formed a translucent colony on the plate, the positive clone, into which PHA genes were transferred, was easily identified by the opaqueness of the colony resulting from polymer accumulation. After the conjugation, one polymer-producing clone out of about 1,000 colonies was obtained. This clone contained the recombinant cosmid pIK7 harboring a 14.8-kb DNA fragment from P. acidophila.
To eliminate the possibility that the polymer-producing clone was obtained as a result of back-mutation of A. eutrophus PHB Ϫ 4, the cosmid pIK7 was isolated, packaged in vitro, transferred into E. coli LE392, and introduced into A. eutrophus PHB Ϫ 4 by triparental conjugation. Polymer accumulation was confirmed in the mutant strain containing the recombinant cosmid pIK7. As shown in Table 2 , strain PHB Ϫ 4 containing pIK7 accumulated almost the same amount of polymer from CO 2 or fructose as the wild type. However, NMR analysis showed that all of the polymers were the homopolymer PHB.
Introduction of chemolithoautotrophic characteristics. Since the genes from P. acidophila did not confer on A. eutrophus the ability to produce a PHA copolymer from CO 2 , we decided to try introducing chemolithoautotrophic growth ability from A. hydrogenophilus into P. acidophila. Conjugation was done as described in Materials and Methods, using P. oxalaticus OX1-MH212 carrying pFUS as a donor. Only transconjugants could grow chemolithoautotrophically in the mineral salts medium, because the donor requires histidine and the recipient cannot use carbon dioxide and hydrogen. After cultivation for 7 days under chemolithoautotrophy, 2.8 ϫ 10 5 colonies appeared on the selection plates. The transconjugant, P. acidophila (pFUS), could also grow in a liquid mineral salts medium under a gas mixture of H 2 , O 2 , and CO 2 .
The transconjugant was cultivated overnight in LB medium and inoculated onto LB plates after appropriate dilution for the purpose of examining the stability of plasmid pFUS in P. acidophila under heterotrophic conditions. One hundred colonies were picked and transferred onto a mineral salts medium plate. These were shown to form colonies under chemolithoautotrophy. Thus, plasmid pFUS could be stably maintained in P. acidophila in the absence of chemolithoautotrophic or antibiotic selection.
Accumulation of PHA from CO 2 . Cells carrying plasmid pFUS were cultivated under chemolithoautotrophic, heterotrophic, and mixotrophic conditions (Fig. 1) . Under the chemolithoautotrophic condition, there was a progressive increase in cell mass during the 100-h cultivation period. Under the heterotrophic condition, rapid growth with early cessation was observed. Gluconic acid was completely consumed after 100 h. Under the mixotrophic condition, after 50 h of slow growth there was an abrupt rise in cell mass to the highest level among the three conditions. Since 40% of the gluconic acid remained after 100 h, both CO 2 and gluconic acid were utilized as carbon sources under mixotrophic growth. Although both heterotrophically and mixotrophically grown cells accumulated considerable amounts of polymer (Fig. 2) , NMR analysis showed it to be the homopolymer PHB in both cases. However, the results obtained from 13 C NMR (Fig. 3) analysis revealed that chemolithoautotrophically grown cells accumulated a copolymer consisting of 3HB, 3-hydroxyoctanoate (3HO), and 3-hydroxydecanoate (3HD). These findings were confirmed by GC-MS analysis. The molar ratio of each monomer was determined by GC-MS: 52.8% 3HB, 41.1% 3HO, and 6.1% 3HD.
DISCUSSION
A 14.8-kb HindIII fragment in the recombinant cosmid pIK7 which restored PHB production to the PHB-negative mutant A. eutrophus PHB Ϫ 4 was obtained from a gene bank of P. acidophila. The mutant strain PHB (16), but extensive characterization was not carried out. There seems to be a defect in the PHB polymerase gene (17) . E. coli LE392 harboring pIK7, which does not produce PHA, accumulated polymer up to 53% of the cell dry weight in a medium containing acetate as a carbon source (data not shown). Moreover, analysis by DNA sequencing revealed that a fragment in pIK7 contained the structural genes for PHA polymerase, ␤-ketothiolase, and acetoacyl-coenzymeA reductase (unpublished results). It is therefore certain that pIK7 did contain the PHA biosynthetic genes. Nevertheless, A. eutrophus PHB Ϫ 4 harboring pIK7 could not produce a PHA copolymer from CO 2 as a sole carbon source in the first attempt to produce a PHA copolymer in an H 2 -oxidizing bacterium. In A. eutrophus under the chemolithoautotrophic condition, only 3HB appeared to be generated as a substrate for PHA synthase, giving rise to production of the homopolymer PHB.
In the second attempt at PHA copolymer production from CO 2 , after acquiring chemolithoautotrophic growth ability, P. acidophila could produce a PHA copolymer composed of 3HB, 3HO, and 3HD subunits. Haywood et al. reported the accumulation of a PHA copolymer consisting of 3HD and 3HO from acetate in Pseudomonas sp. (8) , but this is the first reported production of a PHA copolymer from CO 2 as sole carbon source. Huijberts et al. showed that de novo fatty acid synthesis can function in generating substrates for PHA copolymer synthesis from acetate (9) . An intermediate of fatty acid biosynthesis seems to be incorporated into the PHA biosynthetic pathway for carbon and energy storage. PHA polymerase appears to have a preference for monomers with 4 (3HB), 8 (3HO), and 10 (3HD) carbon atoms. Although the amount of the PHA copolymer produced from CO 2 was much less than that of the homopolymer PHB produced from fructose, the PHA copolymer content could be increased by suppressing the chemolithoautotrophic growth rate. Oxygen or nitrogen limitation results in the stimulation of PHA accumulation in a wide range of bacteria (1, 10) . A two-stage system, the first for growth and the second for subsequent polymer accumulation, might also be effective in improving the production yield.
The development of an industrial-scale chemolithoautotrophic PHA copolymer production system would be highly significant because the major greenhouse gas, CO 2 , could be used as a resource for the production of valuable products. Recently, an attempt to produce valuable products from CO 2 by introducing the biosynthetic genes into H 2 -oxidizing bacteria has been reported (7) . The main point of the present work was FIG. 1. Growth curves of P. acidophila (pFUS). Cells were cultivated at 30ЊC under chemolithoautotrophic (s), heterotrophic (Ç), and mixotrophic (F) conditions in the presence of 0.05% NH 4 Cl. Gluconic acid (1%) was added in the heterotrophic and mixotrophic cultures. The gas phases were exchanged every 6 h in chemolithoautotrophic and mixotrophic cultures, and sampling was done at this time. The residual amounts of gluconic acid were determined by highperformance liquid chromatography on a Shimadzu LC-6A chromatograph equipped with a TSK-gel SCX column.
FIG. 2. Accumulation of polymer in P. acidophila (pFUS)
. At the times indicated, the polymer weights were measured in cells cultivated under chemolithoautotrophic (s), heterotrophic (o), and mixotrophic (ᮀ) conditions. The nitrogen and carbon sources used were the same as those given in the legend to to change producers of valuable products to chemolithoautotrophs by introduction of the DNA fragment responsible for chemolithoautotrophic growth. This is seen as a novel method of CO 2 recycling.
